Abstract 160 Gb/s error-free all-optical add-drop multiplexing, 320 Gb/s error-free demultiplexing and the feasibility of all-optical add drop multiplexing at 320 Gb/s is shown.
Introduction
An add-drop multiplexer (ADM) is one of the key elements in optical time division multiplexed (OTDM) networks. Recently a variety of ultra-high bit rates ADMs based on semiconductor devices [1, 2] or on highly nonlinear fibres (HNLF) [3, 4] have been demonstrated. ADMs based on semiconductor devices are difficult to apply for higher bit rates, because of their limited switching speed. On the other hand, fibre based switches have the advantage of an almost instantaneous response time, which makes them attractive for high speed signal processing. In this paper we demonstrate simultaneous drop and through operation, using a commercial available HNLF, up to 320 Gb/s. A BER assessment of the dropped, through and added channel at 160 Gb/s is presented. Moreover we show the feasibility of increasing the OTDM rate to 320 Gb/s by a BER assessment of the dropped channel and by eye diagram measurements of the through and add operation.
Experimental Setup
The ADM is based on Cross Phase Modulation (XPM) in a nonlinear optical loop mirror (NOLM). The nonlinear element in the loop mirror is a piece of of HNLF ( 0=1545, S=0.03 ps/km/nm 2 , =15 W -1 km -1 , L=500 m). Within the NOLM the OTDM signal is split in two counter-propagating signals, i.e. a clockwise (CW) and a counter-clockwise (CCW) signal. The OTDM channel coinciding with the CW propagating control signal experiences an extra phase shift induced by XPM in HNLF. We use orthogonally polarized signal and control pulse streams in the experiment. The control signal is injected into the loop at PBS1 and removed from the loop through PBS2. The control pulse induces a phase shift on one of the OTDM channels. When the CW and the CCW signal interfere at the coupler one OTDM channel will be sent to the drop port, whereas the through port contains the remaining non-switched channels.
The experimental setup of the all-optical OTDM ADM is shown in Fig. 1 . The ADM multiplexer has been tested at two different OTDM rates: 160 Gb/s (4x40 Gb/s) and 320 Gb/s (32x10 Gb/s). The control and OTDM signals were generated using one mode locked laser (MLL). The 160 Gb/s OTDM signal at 1549 nm was time multiplexed from a 40 Gb/s RZ signal generated by modulating the 40 GHz 1.5 ps full width half maximum (FWHM) optical clock pulses with 2 7 -1 PRBS data. The optical control pulse stream was created by wavelength conversion in 2.25 km DSF based on supercontinuum generation and slicing the spectrum at the new wavelength. For the add-drop operation at 160 (4x40) Gb/s we used a second demultiplexing method for BER assessment of the added channel. The through channels and the added channel were demultiplexed from 160 to 40 Gb/s with a single EAM, which was driven by a 40 GHz RF signal. The switching window was about 7 ps, which gives rise to a small excess penalty.
For the generation of the 320 Gb/s we used a MLL that produced pulses at 9.9538 GHz, 2.1 ps at 1552 nm. The 320 Gb/s data signal was generated by first compressing the pulse in 1 km dispersion decreasing fibre to 850 fs. This optical clock pulse was then modulated with 2 7 -1 PRBS data and time multiplexed to a 320 Gb/s OTDM signal. 
Results
In order to characterize the NOLM for add-drop operation we first looked at the operation at 160 Gb/s (4x40 Gb/s). The OTDM signal power coupled into the HNLF was 5 dBm. The average power of the 40 GHz control pulse was 22 dBm and the pulse width 6 ps. Good open eyes for the drop, through and add operation were obtained, see Fig. 2 . BER measurements showed error-free performance for the drop operation. Also the BER for the through and add channels showed error free operation, see Fig. 2 . The BERs of the through and add channels were compared to the 160 to 40 back-to-back (B2B) demultiplexing. In this way we analyzed the extra penalty due to the ADM and cancelled out the penalty due to the demultiplexing method. The average penalty for the through channels was 1.4 dB and an extra 3 dB penalty for the added channel has been observed. The control pulse for add-drop operation at 320 Gb/s was 2.8 ps FWHM, with a square top shape, see inset of Fig. 1 . The average power of the clock pulse was 13 dBm, and the OTDM signal power coupled into the HNLF was 5 dBm. The square shape and relatively large control pulse width makes it possible to simultaneous demultiplex and create a through channel. The walk off between control and data was negligible because both signals are placed around the zero dispersion point of the HNLF and moreover the dispersion slope of the HNLF is small. The eye diagrams of the 320 Gb/s ADM are shown in Fig. 3 . The eye diagram of the dropped channel is clear and open. As a result error-free BER performance was achieved, although a 5 dB power penalty for the drop operation was measured. The penalty was caused by crosstalk from the neighbouring channels due to the too broad switching window of 2.8 ps. Noteworthy is that this switching window of 2.8 is required for good performance of the through operation. Also spectral broadening of the control signal is causing spectral overlap between control and data signals. 
Conclusions
We showed the feasibility of an all-optical OTDM ADM at 160 Gb/s with a 40 Gb/s base rate and 320 Gb/s with a 10 Gb/s base rate. The performance limiting factors are crosstalk from neighbouring channels for the drop function and incomplete removal of the dropped channel due to the slopes of the switching window for the through function. This results proof that ultra high speed OTDM add-drop multiplexing can be realized using nonlinear fibre, giving a prospect for 640 Gb/s operation.
